The effect of ambient temperature on the analytical and clinical performance of a glucose meter was examined. A total of 114 venous whole blood samples were analysed for glucose by a reference method, and by a glucose meter at 21±22°C, room temperatures, 26±27°C and 33±34°C. Glucose meter readings at each temperature were compared with the reference values and evaluated by analysis of variance, Spearman's correlation, the percentage of glucose meter readings within 6 10% of the reference value and error grid analysis. Analysis of covariance was used to determine the effect of temperature on glucose meter readings. There were no signi®cant differences in the glucose meter readings and in accuracy of the meter readings between different temperatures. Temperature was not a signi®cant independent determinant of the glucose meter readings. For each glucose concentration, the precision of the meter and clinical performance were comparable between the different temperatures. In conclusion, ambient temperature does not affect the accuracy, precision and clinical performance of the Omnitest Sensor.
The results of the Diabetes Control and Complications Trial have led to an increased emphasis on frequent blood glucose measurement and the use of blood glucose values to indicate more appropriate strategies of insulin injection. 1 The results of this trial suggest that intensive management can reduce the risk of diabetes-related complications. Blood glucose monitoring for the management of diabetes mellitus is widely advocated. 2 However, physicians and professional organizations have been warned about the limitations of the various systems for self-monitoring of blood glucose. These limitations include inaccurate blood glucose readings associated with improper storage of the strips, extreme humidity and temperature. 3, 4 This highlights the need for the development of reliable, precise and robust glucose monitors to be used even under nonideal environmental circumstances. In contrast to satisfactory accuracy and precision of glucose monitors under controlled laboratory conditions, the performance of these devices at clinically relevant glucose concentrations under extremes of temperature is still unclear. Previous studies have examined the effect of sample temperature on the performance of re¯ectance photometers and electrochemical glucose meters but very few have evaluated the effect of ambient temperature on both the analytical and clinical performance of glucose meters. 5, 6 This issue is particularly important in the context of their usage by patients in tropical countries where the ambient temperature can be much higher than in an ideal laboratory situation. The objective of this study was to evaluate the effect of ambient temperature on the analytical and clinical performance of a glucose meter at clinically relevant concentrations.
METHODS

Comparison of methods
A total of 114 venous whole blood (VWB) samples were collected for this study. The majority of samples were collected from patients attending the Diabetes Outpatient Clinics and some were from those who underwent combined anterior pituitary function tests where serial blood samples were collected for the measurement of glucose. The VWB samples were analysed for glucose by a glucose meter (Omnitest Sensor, B Braun Medical Ltd, Shef-®eld, UK) at room temperature (26±27°C), and by a standard laboratory method (hexokinase method on Cobas Integra, Roche Diagnostic, Basel, Switzerland) at 26°C.
Storage of reagent strips
Reagent strips were stored at ambient temperature (25±27°C) in accordance with the manufacturer's instructions (quoted as storage between 6 and 30°C).
Effect of temperature on the analytical performance of the glucose meter
In addition to the measurement of glucose on the meter at room temperature, the same VWB samples were also measured on the glucose meter at two other temperatures. Thus, VWB samples were collected from each patient, in three separate¯uoride oxalate tubes for glucose measurement at three different temperatures: (a) 26±27°C (room temperature, RT), (b) 21±22°C (cold temperature, CT) and (c) 33±34°C (hot temperature, HT). At the start of the experiment, the VWB samples and glucose meters were placed at the designated ambient temperature for 30 min before readings were taken, to allow equilibrium of the temperature. The samples were divided into three groups according to the VWB glucose concentrations on the glucose meter at room temperature: (a) < 3 mmol/L The effect of temperature on the intra-glucose meter precision was assessed by using a set of four VWB samples of different clinically relevant glucose concentrations. Each set of samples was measured twenty times at each temperature. The coef®cient of variation (CV) for each glucose concentration and temperature was then calculated.
Statistics
Analysis of variance (ANOVA) was used to analyse signi®cant differences between means of glucose concentration measured by the glucose meters at different temperatures and by the reference method. Analysis of covariance (ANCOVA) using the general linear model was performed to assess the effect of temperature on the glucose meter readings. Spearman's correlation test was used to evaluate the correlation of the glucose concentrations between the glucose meter and reference method. The percentage of glucose meter readings within 6 10% of the reference value was calculated for all categories of glucose concentrations at the three different temperatures. Chi-square test was used to analyse the association between temperature and the accuracy of the glucose meter readings.
Error grid analysis de®nes the x-axis as the reference blood glucose and the y-axis as the value generated by the glucose meter. The data points obtained for each measurement fall into one of the ®ve zones drawn on the grid. The zones indicate how adequate the therapeutic decision taken on the basis of the glucose meter result would be compared to the decision that would have been taken on the basis of the laboratory result. In zone A, the difference between the two measurements is < 20% and would lead to clinically correct treatment decisions. In the upper and lower zones B, the difference is > 20%, and the treatment decision would be inappropriate but without any serious immediate consequence. In zone C, the difference would lead to an over-correction of normal or subnormal glucose levels (the meter displaying high or low values). Zone D represents dangerous failure to detect and treat errors', i.e. the reference values are high or low but the meter values are within the normal range. Zone E is de®ned as`erroneous treatment zone', i.e. the glucose values are opposite to the reference values, and the corresponding treatment decisions would be unsuitable and dangerous.
Statistical signi®cance was de®ned as P< 0´05. The statistics was performed on the Statistical Package for Social Sciences (SPSS) software on an IBM-compatible computer.
RESULTS
For all three categories of glucose concentration, there were no signi®cant differences in the mean glucose meter readings between the three different temperatures (P< 0´05) ( Table 1) . At a glucose concentration of < 3 mmol/L, the reference method showed signi®cantly lower mean glucose readings compared to the glucose meters (P< 0´05). At glucose concentrations of 3±12 and > 12 mmol/L, there were no signi®cant differences between the reference method and glucose meter glucose concentrations (P> 0´05). Analysis of covariance was performed using the general linear model, and showed that temperature was not a signi®cant independent determinant of the glucose meter readings (P=0´94).
The coef®cient of variation (CV%) calculated at each of the four glucose concentrations from 20 successive measurements, each from a single venous whole blood sample, were satisfactory at all three temperatures (range 1´1±4´7%) ( Table  2 ). The precision was comparable between different temperatures for each glucose concentration. Across all three temperatures, the intra-glucose meter precision was better at moderate and high compared to low glucose concentrations.
There was no signi®cant difference in the proportion (%) of glucose readings obtained using the meter within 10% of the reference method glucose concentrations, between the three temperatures (Pearson chi-square P> 0´05). These ®ndings were consistent with 678
Nawawi et al. all three categories of glucose concentrations ( Table 3 , Fig. 1 ). For each temperature, the proportion (%) of meter glucose readings within 10% of the reference method glucose concentrations were signi®cantly different between the three categories of glucose concentration (P< 0´0001). Across all three temperatures, the greatest proportion (%) of glucose readings within 10% of the reference method glucose concentrations was for glucose concentration of > 12 mmol/L (67´2% at 21±22°C, 55% at 26±
27°C and 60% 33±34°C). Error grid analysis showed that the percentage of the glucose meter readings in zone A was comparable between the three temperatures being 95´0, 92´5 and 92´5% at 21±21°C, 26± 27°C and 33±34°C respectively ( Table 3 , Fig. 2) .
CONCLUSION
There were no signi®cant differences in the glucose meter readings at different ambient temperatures. These ®ndings were consistent for the low, medium and high glucose concen-trations. In addition, covariate analysis using the general linear model showed that temperature was not a signi®cant independent determinant of glucose meter readings (P> 0´05). This further con®rmed that ambient temperature had no effect on the glucose meter readings.
Comparison between the glucose meter and reference method glucose concentrations at different temperatures showed that there were no signi®cant differences in the glucose concentrations between the two methods at moderate (3±12 mmol/L) and high (> 12 mmol/L) glucose concentrations. However, at low glucose concentrations (< 3 mmol/L), the reference method glucose concentrations were signi®cantly lower than that of the glucose meters at all three temperatures. Therefore, the accuracy of the glucose meter was better at medium and high compared to low glucose concentrations, at all three ambient temperatures. In addition, this study clearly showed that the accuracy of the glucose meter used at different ambient temperatures was similar. These ®ndings are in contrast to that reported by King et al., who Zone A=difference between the glucose meter and reference method is < 20%, clinically correct decision made; zone B=difference between the two measurements is > 20%, inappropriate treatment decision but without serious immediate consequences; zone C=difference between the two measurements would lead to over-correction of normal or subnormal glucose levels; zone D=difference between the two measurements would lead to dangerous failure to detect and treat errors; zone E=difference between the two measurements would lead to erroneous treatment.
showed that low and high ambient temperatures resulted in a number of statistically signi®cant changes in glucose meter reading. 4 Fazel et al. showed that the manual re¯ectance glucose meters but not the automatic re¯ectance photometers and electrochemical glucose meters, are signi®cantly in¯uenced by variation in sample temperature, the effect of which is greatest at high glucose levels. 5 Fazel and colleagues explained the effect as being due to different sample temperatures on the glucose meter readings while keeping the ambient room temperature at a constant of 22°C. In contrast, our present study examined the effect of different ambient temperatures on glucose meter readings.
The accuracy of the glucose meter was also examined by evaluating the proportion of the readings that were within 10% interval of the reference method. For each category of glucose concentration, the proportion (percentage) of glucose meter concentration within 10% of the reference method was not signi®cantly different between the three ambient temperatures. These clearly showed that there was no association between ambient temperature and the accuracy of the meter. However, across all temperatures, the best accuracy of the glucose meter readings was found at glucose concentrations of > 12 mmol/L (67´2% at 21±22°C, 55% at 26± 27°C and 60% at 34±36°C). Error grid analysis showed satisfactory results where 92´5% of the glucose meter readings at 26±27°C were in zone A. Similar percentages were observed for the other temperatures, suggesting no effect of ambient temperature on the clinical performance of the meter. Therefore, the accuracy and clinical performance of the glucose meter as evaluated by the percentage of glucose meter readings within 10% of the reference method and the error grid analysis showed comparable accuracy and clinical performance of the glucose meters at different ambient temperatures.
Other studies have shown that the commonly used correlation coef®cient when used alone for the evaluation of glucose meter performance is inappropriate and may not provide realistic information for clinical use. 6 In conclusion, ambient temperature has no effect on the glucose meter readings for all categories of glucose concentration. The accuracy and precision of the glucose meter are not affected by ambient temperature, but were best at medium and high compared to low glucose concentrations. Clinical evaluation of the glucose meter indicates comparable outcome between different temperatures. Both analytical and clinical evaluations are essential in providing a global assessment of a glucose meter in terms of its use in clinical setting. The performance of the various glucose meters in high ambient temperature, particularly in their practical application in tropical countries needs to be addressed in future studies.
